INTRODUCTION
The issue of implicit vs explicit learning has a long history [1] . Acquisition of knowledge without awareness of the underlying structure of the to-be-learned material can be manifested in longer reaction times for irregular events. Reaction times signi®cantly decrease when a complex regular sequence of stimuli is presented, as compared with a random sequence of stimuli, even if subjects are not aware of the regularity (for review see [2±4] ).
Only a few studies have investigated how implicit learning of a regular pattern is re¯ected in event-related potential (ERP) waveforms [4±7] . Subjects of Eimer et al. [4] learned a sequence of 10 letters consisting of the letters A, B, C, and D. The letters were mapped to four different motor responses. Deviant stimuli replaced one of the standard items at unpredictable positions either in 50% of all sequences (experiment 1) or in all sequences (experiment 2). A delayed reaction time after irregular stimuli was accompanied by an increase of the N200 ERP component amplitude in the second half of both experiments. This N200 increment was observed either in all subjects (experiment 1) or only in those who were able to explicitly verbalize the regularity (experiment 2). However, in both experiments the subjects could have searched for a regularity during the second half of the experiment because they were asked after the ®rst half whether they had noticed any structural regularity. Thus the authors suggested that the deviance-related N200 effect re¯ects the amount of explicit available sequence knowledge [4] . Likewise, Ru È sseler and Ro È ssler [7] observed an N200 only in explicit learners, although the shorter reaction time in regular rather than in pseudorandom sequences was found in implicit learners too. The deviant letter required either the same motor response as the letter it replaced (perceptual deviants) or another response (motor deviants). A laterialized readiness potential which accompanied motor deviants revealed a partial activation of the expected but incorrect response independently of the explicit knowledge. The results of the two studies converge in that implicit learning necessarily involves learning of motor sequences (response±response dependencies), whereas explicit learning can be based on both stimulus±stimulus and response±response associations.
On the other hand, although the data of Baldwin and Kutas [6] may indicate implicit learning without motor requirements, this interpretation may be questioned on other grounds. Subjects practiced an implicit structured sequence learning task which consisted of frequent regular patterns and rare (15%) irregular patterns. Only some target events required a motor response. Among standard stimuli not requiring a response, irregular standards elicited a larger P300 than regular ones. In this case the large difference between stimulus probabilities may have resulted in a similar ERP effect [8, 9] , independently of learning.
The approach of the current report was to shed more light on these questions. Therefore, regular and irregular stimuli were presented with equal probabilities, and subjects did not perform any reaction time task while ERPs were recorded.
SUBJECTS AND METHODS
A total of 14 undergraduate students from the University of Tu È bingen, strong right-handers, served as subjects and received course credit for their participation. All subjects reported being free of neurological or psychiatric problems. Three of them were rejected as they said that they had been very sleepy during the experiment, resulting in a sample of seven males and four females, aged 21±46 (mean 28.9) years.
Acoustic stimuli were delivered binaurally through airtube earphones. The stimuli were vowels (/a/, /e/, /i/, /o/, /u/) presented in pairs. Subjects were instructed to listen to the vowels attentively. The experiment entailed two phases. The acquisition phase consisted of 80 trials, in 60 of which (the regular condition) the ®rst vowel of the pair (prime) was always followed by a certain second vowel (target): the pairs /o±i/, /i±o/, and /a±u/ were presented 20 times each. The remaining 20 trials contained a prime /e/ after which every vowel had an equal probability of being presented as target. This condition, designated as the neutral condition, was introduced to increase the complexity of the task and to hinder subjects' explicit detection of the regularities. The test phase consisted of 180 trials, one-third of them being identical to the 60 regular trials in the acquisition phase, and another third being neutral trials identical to those in the acquisition phase. The remaining 60 trials (the irregular condition) contained the same primes as regular trials, i.e. /a/, /i/, and /o/ with equal probabilities. However, the targets in these pairs of vowels were different from those in regular trials. The two conditions of the ®rst phase and the three conditions of the second phase were presented in a random order.
The stimuli had the intensity of 70 dB above average threshold and the duration of 200 ms and were presented with a within-pair SOA of 800 ms and an interpair interval of 2 s. The test phase immediately followed the acquisition phase without subjects being informed about the structure of the experiment.
The EEG was recorded with sintered Ag±Ag/Cl electrodes from frontal, central and parietal midline scalp sites (Fz, Cz, and Pz respectively, according to the 10-20 system), as well as from the respective left and right recording sites (F3, F4, C3, C4, P3 and P4). All electrodes were referenced to the right and left mastoids linked over a 15 kÙ shunt. In addition, the vertical and horizontal electro-oculogram (EOG) were recorded with two pairs of electrodes placed above and below one eye and at the left and right orbital rim. The signals were digitized by a NeuroScan Inc. data acquisition unit (digitization rate 200 Hz; bandpass 0.1±70 Hz) and subsequently ®ltered to 25 Hz. All epochs containing outscale values or EEG amplitudes . 150 ìV were discarded. Trials contaminated with blinks and eye movements were corrected using the method of Gratton et al. [10] . ERPs to targets were averaged for epochs of 1100 ms, starting 100 ms prior to stimulus onset. Separate ERPs were computed for each phase (i.e. acquisition and test) as well as for each condition (i.e. regular, neutral, and irregular).
An inspection of the obtained waveforms revealed two distinct time windows (about 170±360 and 390±680 ms, respectively) within which the ERPs seemed to differ between the conditions. As can be seen in Fig. 1 , these differences cannot be interpreted as latency shifts, but rather, as relatively slow shifts in the potential amplitude. This justi®es using the subtraction method of analysis. Therefore, the regular waveform was subtracted from the neutral waveform (in both acquisition and test phases), as well as from the irregular waveform (in the test phase). The mean amplitudes in the difference waveforms were measured within the time windows de®ned above, which will be referred to as N200 and the slow negative wave (SNW), respectively. The data were analyzed using a twoway repeated-measures ANOVA with factors site (frontal, central, and parietal) and laterality (right, midline, and left). Greenhouse±Geisser epsilons (å) were applied for correction of degrees of freedom when appropriate.
RESULTS
Subjective reports: None of the subjects could correctly report that he or she found a regularity in the presented pairs of vowels. Even after the experimenter said that the stimulation was not random, none was able to formulate a particular rule (for instance, that /a/ was often followed by /u/). Therefore, the data contain no evidence for explicit learning.
Acquisition phase: A marginally signi®cant site 3 laterality interaction (F(4,40) 2.59, å 0.702, p 0.075) indicated a slightly larger negativity in the N200 domain to neutral than to regular targets at posterior sites, particularly at P3. However, a subsequent analysis of this interaction did not reveal that the difference wave signi®cantly differs from zero at any recording site. No signi®cant effect was found for the SNW window.
Test phase: Both N200 and the SNW had a marked frontal maximum indicated by a highly signi®cant effect of site (F(2,20) 12.1, å 0.582, p 0.004; F(2,20) 49.0, å 0.646, p , 0.001, for N200 and the SNW, respectively). As shown in Fig. 2 , the N200 wave difference`irregular minus regular' (irregular À regular) differed signi®cantly from zero across all recording sites (F(1,10) 8.83, p 0.014). The same held true for the`neutral minus regular' (neutral À regular) difference (F(1,10) 9.24, p 0.012). Unlike N200, the SNW did not differ signi®cantly from zero when taken across all sites ( p 0.13). However, the signi®cant effect of site indicated that the irregular±regular difference might be reliable at particular leads. In fact, this difference was signi®cantly different from zero over the frontal cortex (F(1,10) 7.94, p 0.018). In contrast, the neutral±regular difference was found to be unreliable (all p . 0.5).
The same results, with slightly different p-values, were found when the original waveforms shown in Fig. 1 , instead of the difference curves, were analyzed by means of a 3-way ANOVA with factors site, laterality, and condition (3 levels: regular, irregular, and neutral). Furthermore, since the neutral condition appears to differ from the regular one for a time interval . 390±680 ms, one might think that the non-signi®cance of the SNW effect in this case was due to a too short window being measured. Thus we estimated the neutral±regular SNW difference on intervals of various length up to that between 390 and 900 ms. Again, no result different from the above-mentioned was obtained.
DISCUSSION
The data indicate that participants acquired knowledge about the regular associations of the pairs of vowels presented during the acquisition phase, although none of them was able to report that he or she was aware of the acquired regularities. This knowledge was re¯ected during the test phase in an N200 to irregular and neutral targets and in a late negativity to irregular targets only. In contrast to the results of the previous studies [4, 7] , the present ®nding was obtained for stimulus±stimulus associations without a concurrent motor task. Therefore, regularities of stimulation can be implicitly acquired without learning sequences of motor responses.
This conclusion is in line with the results of studies of learning in anesthetized patients. For instance, Schwender et al. [11] presented such patients with a story from Robinson Crusoe. After the operation the patients were asked about their associations to Man Friday. They often reported associations with`Robinson' and`island', whereas typical answers from the control group were`weekend', last day of the week' or`®sh meal'. Unfortunately, the exact level of awareness or anesthesia during stimulus presentation in this and other similar studies was not estimated, and it cannot be ruled out that learning occurred during brief moments of clear consciousness (which remained unrecognized due to the use of neuromuscular blockers). Interestingly, studies of learning during anesthesia that used healthy subjects, unlike studies performed during surgical interventions, usually yielded negative results [12] .
One study similar to the present one [6] also found an ERP implicit learning effect for stimulus sequences. However, in that study stimuli violating previously learned sequences were presented in only 15% of trials. Thus the obtained P300 can easily be regarded as a response to a rare event and does not necessarily demonstrate implicit learning per se.
In the test phase of the present experiment, the probabilities of the two stimulus categories (i.e. regular vs irregular), as well as the probabilities of all individual vowels, were equal, which was designed to rule out possible probability effects. However, the probabilities of particular pairs of stimuli were not equal, as there were more different irregular and neutral pairs than regular ones. Unfortunately, modern theories about saving acoustical stimuli in the short-term memory are rather controversial [13] , and it remains unknown whether single stimuli or their combinations were saved in the present condition. One might suppose, therefore, that the difference between the regular and the other stimuli could result from each regular pair being relatively frequent during the test phase, regardless of any learning effect attained (or not attained) in the acquisition phase. In order to test this hypothesis, ERPs to regular and neutral stimuli presented during the acquisition phase were compared. In this phase each of the neutral pairs was presented only four times, and each of the correct pairs, 20 times, which yields a ratio of 1:5. In contrast, during the test phase each regular pair was presented 20 times, and each irregular pair 10 times. If one believes that the entire stimulus pairs were saved in the short-term memory, and that the negative ERP waves after irregular pairs resulted from them being two times less frequent than regular pairs, then one should expect even more similar waves after neutral pairs in the acquisition phase, since they were ®ve times less frequent than regular pairs. However, neither a frontal N200 nor an SNW differentiated between neutral and regular trials in the acquisition phase. A very small difference observed at posterior sites (instead of the large anterior effects in the test phase) did not reach signi®cance. Thus a probability explanation of the present results is very implausible. Rather, the ERP waves observed during the test phase (i.e. N200 and the SNW) were related to deviations from regularities acquired during the acquisition phase.
The exact nature of these waves remains unclear. Two similar phenomena are known as responses to context violations: the mismatch negativity (MMN) usually elicited by acoustic stimuli deviating from habitual tonal sequences [14] , and the N400 related to violations of semantic context [15, 16] . Both MMN and N400 are now believed to be, not unitary waves, but rather, two families of electrophysiological effects [14, 17, 18] . It is tempting to relate N200 observed in this and other studies to the former family, and the SNW to the latter. Although scalp distribution of these waves agrees with this hypothesis, it remains speculative at present. Thus a proof that N200 is a variety of MMN would require another reference different from the mastoids (e.g. nose). If it is, the present learning paradigm would be a unique example of an MMN elicited by frequent stimuli (irregular and neutral targets amounted together to 67% of the trials), since this wave is usually recorded in response to very rare (e.g. 5±15%) deviations.
A further speculation concerns the distinction between learned representations of a particular stimulus combination which may have been saved in the sensory memory and maintained during the test phase in the regular trials, and acquired rules saved in the long-term memory. Whereas both irregular and neutral pairs differed from the learned pairs, only irregular targets violated the rules. Accordingly, both irregular and neutral stimuli evoked N200, but only the former led to an SNW. This is in line with the ideas that the MMN is mainly related to processes in the auditory sensory memory [19±21] , and that the N400 is elicited by incongruous information stored in the longterm memory [22, 23] . It should be kept in mind, however, that this distinction in the present study is based on a negative evidence, that is, the lack of signi®cant differences between the neutral and regular conditions in the SNW time interval.
Apart from these speculations, a practical point should be stressed. The presented learning task may be the ideal case for study of learning processes in severe neurological patients, e.g. after a brain injury or a stroke. Such patients often cannot perform any motor task and can have a disorder of consciousness, such as akinetic mutism or minimal consciousness state [24, 25] . Classical conditioning paradigms often presume using an aversive UCS [5] , which may be ethically problematic in patients who cannot reject the examination. In contrast, the present paradigm not only contains no unpleasant stimuli, but also does not require explicit awareness of the acquired knowledge and does not depend on motor processes and the related ability to learn response sequences.
